We experimentally study the viscous fingering instability in a fluid-fluid phase separated colloid-polymer mixture by means of laser scanning confocal microscopy and microfluidics. We focus on three aspects of the instability. (i) The interface between the two demixed phases has an ultralow surface tension, such that we can address the role of thermal interface fluctuations. (ii) We image the interface in three dimensions allowing us to study the interplay between interface curvature and flow. (iii) The displacing fluid wets all walls completely, in contrast to traditional viscous fingering experiments, in which the displaced fluid wets the walls. We also perform lattice Boltzmann simulations, which help to interpret the experimental observations.
Introduction
Whenever a low viscosity fluid displaces a high viscosity fluid in a porous medium or Hele-Shaw cell, the interface is rendered unstable and viscous fingers develop, grow and compete. The first detailed experimental and theoretical account of this instability was given by Saffman and Taylor in their seminal 1958 paper 1 . Since then the viscous fingering instability has witnessed intense study culminating in breakthroughs in theory and in experiment in the 1980s dealing especially with the role of surface tension [2] [3] [4] [5] [6] [7] [8] . Here, it was realised that the surface tension acts as a singular perturbation in the Saffman-Taylor problem and specifically in its McLeanSaffman solutions, see for example 9, 10 for reviews of the problems. Recently, viscous fingering has witnessed a renewed interest, for example in the role of visco-elastic effects 11 , the importance of three dimensional phenomena 12 , possible stabilization mechanisms through channel geometries 13 , and as a means of providing efficient mixing in microfluidics channels 14 . The classic zero-surface-tension limit also continues to inspire experimental studies, for example on granular matter 15 where instead of rounded fingers a fractal structure with sharp cusps develops.
Experiments on the viscous fingering instability are typically performed using Hele-Shaw cells with an aspect ratio ε = b/W 1, with b the channel thickness and W the channel width. In this limit, by averaging over a flow profile which is assumed to be parabolic across the narrow direction z (perpendicular to the xy-plane of the viscous fingers, see fig 1) , the problem is effectively rendered two dimensional and McLean & Saffman 2 showed that there is a unique solution for the relative finger width λ (with respect to the channel width), which is governed by a dimensionless parameter 16 1/B = 12Ca xy /ε 2 . Here, the capillary number Ca xy is defined as Ca xy = (η 2 − η 1 )U/γ, with U the velocity of the tip of the finger, γ the surface or interfacial tension, and η 1 and η 2 the viscosities of the displacing and displaced fluids, respectively, where
The numerical results of McLean and Saffman suggested that the relative finger width λ is a monotonically decreasing function of 1/B that tends to an asymptotic value of 1/2. Experiments carried out by Tabeling and Libchaber showed that introducing this control parameter alone is not enough to fully describe the instability 3 . They showed that this is due to a thin layer of the more viscous fluid, adhered to the walls and left behind the advancing finger, which changes the curvature of the interface and renders the problem three dimensional. Using the theoretical prediction for the pressure drop across the interface 17 to rescale the surface tension indeed gave much better agreement with the predictions for low 1/B. However, for larger 1/B the experiments 18 showed that the relative finger width can fall below the λ = 1/2 limit predicted by both the original and modified two dimensional theories 2 .
In this paper we study the viscous fingering instability by using colloidal fluids, which enables us to revisit some of the problems introduced above and in particular address the fol- lowing three different issues: (i) The interface of the phase separated colloidal fluids is characterized by an ultralow interfacial tension, which makes it possible to directly observe thermal capillary waves at the interface 19 . Thermal interface fluctuations may modify continuum hydrodynamics [20] [21] [22] and hence the form of the instability; moreover, the experiments may shine light on the zero-surface-tension limit mentioned above.
(ii) With laser scanning confocal microscopy we are able to observe the finger in all three dimensions, including the curvature of the interface in the xz-plane. (iii) In our system the low viscosity, displacing phase, completely wets the confining walls, which is the opposite wetting situation to traditional Saffman-Taylor experiments, where the displaced fluid wets the walls and leaves behind a thin film as explained above. This directly implies that the interface curvature in the xz-plane will play a different role than in the experiments of Tabeling and Libchaber 3 . We furthermore note that our wetting situation is similar to imbibition experiments 23 , where a liquid is sucked up in e.g. a porous medium by capillary effects; however, we push the displacing fluid, which has a lower viscosity than the displaced fluid, at velocities at least an order of magnitude above the spontaneous imbibition velocity and the observed phenomena are therefore best analyzed within the viscous fingering framework.
To further elucidate our experimental findings we will compare experiments to lattice Boltzmann simulations, which effectively solve the Navier-Stokes equations and provide detailed information about the various physical parameters at play, which can be varied over a wide range.
The paper is organized as follows; in the next section we will provide the experimental details. In section 3 we will present and discuss the results. In section 4 conclusions will be drawn.
Experimental details
As our model fluid we used a mixture of colloids and nonadsorbing polymers, which separated into a colloidal liquid phase (colloid-rich, polymer-poor) in coexistence with a colloidal gas phase (colloid-poor, polymer-rich) due to the depletion interaction [24] [25] [26] . We used dispersions of fluorescently labelled PMMA particles with a diameter of 210 nm in water. A xanthan polymer solution (M w = 4x10 6 g mol −1 , R g = 264 nm) was added to the dispersion to create a phase separating mixture. The phase diagram and experimental details have been published elsewhere 27 . This provides an excellent model system to study properties of fluid-fluid interfaces that are not accessible at the molecular scale 28 . Because we are dealing with a colloidal, rather than a molecular fluid, the interface width is ∼ µm, rather than a few nm and surface tensions are reduced by a factor ∼ 10 6 . The surface tensions γ were obtained from the capillary wave spectrum 28 . We will focus on a statepoint for which γ=30 nN/m. A rheological characterization was performed on a TA AR-G2 rheometer giving a viscosity contrast ratio r = (η 2 − η 1 )/(η 2 + η 1 ) = 0.4. Noticeable shear-thinning was observed for the colloidal gas phase from a shear-rate of 10 s −1 , which was above the maximum shear rate in the experiment (estimated as U/b ∼ 0.3s −1 ).
We brought the separated colloidal fluids together in a microfluidic device, sketched in fig 2, which was designed such that a straight colloidal interface could be formed, before it entered the Hele-Shaw geometry. We used channel thicknesses of 10, 14 and 17 µm. The capillary length in our system was 14 µm, such that gravitational effects in the channel played only a marginal role; for a study of the behaviour of a meniscus between two parallel plates, see Ref. 29 . The width of the channel was varied between 100 µm and 1 mm. Gravity was used to produce pressure-driven flows. In this experimental setup the interface velocity slowly increased, but at any given time the finger was in a quasi-stationary state. The velocity U was measured directly from consecutive confocal microscopy images. We used laser scanning confocal microscopy (LSCM; Zeiss Exciter), which recorded the fluorescence of excited dye within the colloids such that the colloid-rich phase will be bright and the polymer-rich phase dark, to image the flow of the colloidal phases in three dimensions. The colloid-rich phase, which had a lower viscosity η 1 , was pushed into the long channel containing the polymer-rich phase (with viscosity η 2 ), from which point the development of viscous fingers was recorded.
Results and discussion
In this section we will present and discuss the results. We will start with (a) fingering in the xy-plane, the wide dimension of the channel. This will be followed by (b) the observations in the xz-plane, where we 'make a cut' through the finger as it develops. We will focus on the interfacial curvature along z.
Finally, we will discuss (c) the interplay between the curvature in the z-direction and the fingering in the xy-plane.
(a) Fingering in the xy-plane: Fig 3a shows laser scanning confocal microscopy images of the viscous-fingering instability in a wide channel (W = 1 mm) that can accommodate many fingers. The fingering has all the characteristics of the Saffman-Taylor instability and the further development of the fingers, where they interact and show tip-splitting and side-braching effects, is very rich, but lies outside the scope of the current work. Here we focus on the fingering in smaller channels between W = 100 µm up to 160 µm with channel thicknesses b = 10, 14 or 17 µm, where only a single finger is present, see fig 3b. Despite the ultralow value of the surface tension γ, it does act as a singular perturbation on the instability and a single finger width λ (measured relative to the channel width W ) is selected, just as for molecular fluids 6 . In our experimental setup, as the finger advances in the channel, its tip velocity U slowly increases and the relative finger width λ decreases. Fig 3c shows results for λ as a function of the control parameter 1/B. Different experiments for different aspect ratios ε collapse. The finger width goes below the 1/2-limit, which is also seen in experiments with molecular fluids 18 and recent simulations 12 albeit at much higher control parameters. Visco-elastic effects cannot be completely ruled out: shearthinning fluids typically display finger narrowing, see for example 11 and references therein. However, as noted above, typical shear rates in our microfluidics experiments lie well below the onset of shear thinning as determined rheologically. For comparison, we also plot the theoretical curve by McLean and Saffman 2 , which tends to 1/2 at large 1/B. Finally, we observe that the finger shape is well described by the semi-empirical Pitts equation 30 , which reads cos(πy/2λ ) = exp(πx/2λ ), despite the complex nature of our fluids, see fig 3b. (b) Observations in the xz-plane: As explained in the introduction, discrepancies between the measured finger width for molecular fluids and the theoretical prediction by McLean and Saffman, were explained by taking the curvature of the advancing meniscus in the xz-plane into account 3 . Although this will not rescale our measured finger widths above the 1/2-limit -only the x-axis is rescaled-it is interesting to study the shape of the interface in the xz-plane. It turns out that the behaviour of the meniscus is surprisingly rich. cus. This is a consequence of the wetting properties of the colloid-polymer mixtures: due to the depletion interaction the colloids are strongly attracted to hard, smooth walls 31, 32 and this leads to the colloidal-rich 'liquid' phase wetting the microfluidic walls completely. At a capillary number Ca xz = (η 1 + η 2 )U/2γ ∼ 0.4, the xz-interfacial profile in the centre of the channel is flat, i.e. its curvature is zero. Note that a scaling analysis 33 shows that the relevant capillary number now depends on the average viscosity, not the viscosity difference as in Ca xy . Then, at higher Ca xz the meniscus first becomes concave, and at Ca xy ∼ 1, the interface position becomes decoupled from that of the contact line * , and a finger in the xz-plane is formed, which we will call an xz-finger. We stress that this is due to a completely different mechanism than the viscous fingering in the xy-plane; it is not driven by an instability of the interface, but rather by the inability of the contact line to move as quickly as the leading interface. The xz-finger is of a characteristic shape, with a narrowing near the contact line. At yet higher capillary numbers a meandering motion of the finger is observed, where it makes contact with either the top or bottom wall (fig 4c) , before continuing to move freely again in the centre of the channel. This is a consequence of the large thermal interface fluctuations in colloid-polymer mixtures and therefore intimately related to the ultralow surface tension of our system. The advancing xz-finger can 'feel' the wetting layers and thus bridge the gap until the mismatch in tip vs. contact line velocity brings the xz-finger into the center of the channel again. The meandering entraps bubbles of the high viscosity phase in the advancing finger.
To further interpret the experiments we used a free energy lattice Boltzmann algorithm 34, 35 to solve the hydrodynamic equations of motion for a binary fluid (Model H). In order to study the penetration process in the xz-plane we considered a channel formed by 2 plates of infinite width, parallel to the xyplane, located at z = 0 and z = b. Channel dimensions were, in simulation units, b = 50 − 100 and length L = 1000 − 2000, whereas the thickness of the wetting layer was ζ ∼ 5. A constant body force was applied to both phases. We matched the capillary and Peclet numbers and the viscosity ratio to the experimental situation. The second column of fig 4b presents results from lattice Boltzmann (LB) simulations showing how the xz-interfacial profile responds to the flow, in close correspondence to the experiments at the same capillary number. When using the LB approach to model interfaces in molecular fluids, discretization constraints mean that the diffuse interface is unphysically wide and care must be taken that this does not affect the results 36 . Here, however, the relatively large interfacial width of our colloid-polymer mixtures 37 allows a quantitative match between experiment and simulation: excellent agreement is found. In the simulations the hydrodynamic singularity at the contact line is alleviated by interdiffusion, driven by the chemical potential imbalance as the interface is pulled out of thermodynamic equilibrium. In the experiments it is likely (although not proven) that the mechanism for contact line motion is the same.
Ledesma et al. 12, 38 have argued, based on a scaling argument relating the velocity of the leading interface to that of the contact line, that for fluids at neutral wetting (i.e. a contact angle of 90 • ), fingering in the xz-plane occurs for Pe > c(Ca xz ) −1 , where the Peclet number Pe = Ub/2D, with D is the diffusivity of the concentration field, and c is a constant of order 1 . An extension of their argument to complete wetting and fluids of different viscosity gives 33 
Pe
* > c(Ca
where the rescaled Peclet and capillary numbers, Pe * = U(b/2 − ζ )/D and Ca * xz = {1 − 4(ζ /b)(1 − ζ /b)}Ca xz , and the offset δ , account for the thinkness ζ of the wetting layer at the surfaces. A full theoretical derivation will be given elsewhere 39 .
This implies that the dynamics can be captured in the (Pe * , (Ca * xz ) −1 ) plane ( fig 5) . Fig 5a shows numerical results confirming the validity of the formula above for a viscosity ratio r = 0.4 with c = 150 and δ = −140, denoted by the full line. To the right of the line the system moves in the meniscus regime, to the left of the line xz-fingers develop. Note that c takes a value two orders of magnitude larger than that for neutrally wetting molecular fluids. This is entirely due to the wetting properties of our fluids. The increased ease with which the contact line can move across the pre-formed wetting layer means that fingering in the xz-plane is strongly suppressed.
In our experiments the velocity U is slowly increasing during each experimental run, which means that we scan the (Pe * , (Ca * xz ) −1 )-phase diagram by moving along the dashed red line in fig 5a from the bottom right corner (low velocity) to the top left corner (high velocity). Note that Pe * , Ca * xz and r have been matched to the experiments. The interface thus first moves with a concave meniscus, at intermediate velocities it moves with a convex meniscus and finally, and after crossing the full straight lines in fig 5a it displays xz-fingering. In our experiments we find that fingering in the xz-plane commences at 1/Ca * xz ∼ 1.6 and Pe * ∼ 110, where we have used the diffusion coefficient of the colloids to estimate the Peclet number. This compares favourably to Pe * ∼ 100 at 1/Ca * xz ∼ 1.6 found in the simulations.
Simulations further reveal that the onset of fingering in the xz-plane varies with viscosity ratio r. As the difference in viscosity of the two fluids increases, we find that fingering in the xz-plane is even more strongly suppressed: much higher capillary numbers are needed both to change the shape of the meniscus from concave to convex and to induce the formation of a finger. Numerically, we find c = 350, δ = −75 for r = 0.90, while c = 28 and δ = −38 for r = 0 33 .
(c) Interplay between interfacial curvature in the xzplane and xy-fingering: The above has important consequences for the viscous fingering instability itself. In particular, the simulations reveal that viscous fingering in the xyplane is suppressed when the meniscus in the xz-plane is concave. This is evident from fig 5b, where we plot results based on 3D simulations for two systems with different values for Pe * /Ca * xz at a given viscosity contrast and aspect ratio. Red circles denote points where an interface that has been subjected to a small perturbation in the xy-plane led to viscous fingers, i.e. a positive growth rate such that the amplitude of the perturbation grows exponentially rendering the interface unstable, while blue squares denote the points where the perturbation died out and, therefore, did not develop any fingering (negative growth rate -stable interface).
This demonstrates that the onset of viscous fingering in the xy-plane indeed depends strongly on the behaviour of the leading interface in the xz-plane. The concavity of the interface in the xz-plane suppresses the onset of viscous fingering in the xy-plane. Hence, it is unlikely to be possible to scale the finger width to the McLean-Saffman solutions by only introducing a modification of the control parameter 1/B. Furthermore, full dispersion relations, which will be published elsewhere 39 , now depend on the scaled capillary and Péclet numbers to take the curvature in the xz-plane into account, and on the channel's aspect ratio. All this underlines the importance of the third dimension in the viscous fingering instability.
Conclusion
In summary, we have studied the development of viscous fingers in colloid-polymer mixtures, both in experiment and in simulations. We set out to discuss these experiments in light of three topics: (i) Despite the ultralow surface tension between the two demixed phases, the fingering displays the classic phenomena. A single finger width is selected as a function of 1/B and the finger contour is well described by the Pitts equation. Moreover, LB simulations, which satisfy continuum hydrodynamics, describe the instability semi-quantitatively in terms of dimensionless fluid parameters. Only at larger driving velocities do we see a meandering motion of the xz-fingers in the experiments, but not in the simulations, which is a consequence of the thermal interface noise. (ii) The combination of LSCM and microfluidics has enabled us to observe the fingering instability in three dimensions. We contrast fingering in the xz-plane, caused by the inability of the contact line to move at sufficient velocity to keep up with the leading interface, and fingering in the xy-plane, due to the interface instability identified by Saffman and Taylor. (iii) Our displacing fluid wets the walls of the microfluidic device. As a result the curvature of the meniscus in the xz-plane is a function of the driving velocity. LB simulations subsequently reveal that the cross-over from a concave to a convex meniscus, and to xzfingers, depends on the capillary and Peclet numbers, and on the viscosity contrast. The interfacial curvature in the xz-plane has a pronounced effect on the onset of the Saffman-Taylor instability. In particular, there is a threshold velocity for viscous fingering.
The agreement so far between experiments and simulations is excellent. However, a detailed experimental verification of the predicted suppression of the instability is still needed, although preliminary experiments for other statepoints strongly support the predictions.
Finally, we note that our results may be exploited in enhanced oil recovery 40 , where the wettability of the displacing fluid (water and surfactants) can be tuned to displace the oil most effectively.
